Summary Chronic allograft nephropathy (CAN), a descriptive term denoting chronic scarring injury of the renal parenchyma and vasculature in allograft kidneys arising from various etiologies including chronic rejection, is the most common cause of late allograft failure, but mediators of this progressive injury largely remain unknown. We hypothesized that platelet-derived growth factor D (PDGF-D) and its specific receptor PDGF-Rβ may be an important mediator in the pathogenesis of CAN and, hence, sought to identify its expression in this setting. Allograft nephrectomies demonstrating CAN, obtained from patients with irreversible transplant kidney failure (n = 15), were compared with renal tissues without prominent histopathological abnormalities (n = 18) and a series of renal allograft biopsies demonstrating acute vascular rejection (AVR) (n = 12). Antibodies to PDGF-D and PDGF-Rβ were used for immunohistochemistry. Double and triple immunohistochemistry was used to identify cell types expressing PDGF-D. PDGF-D was widely expressed in most neointimas in arteries exhibiting the chronic arteriopathy of CAN and only weakly expressed in a small proportion of sclerotic arteries in the other 2 groups. Double and triple immunolabeling demonstrated that the neointimal cells expressing PDGF-D were α-smooth muscle actin-expressing cells, but not infiltrating macrophages or endothelial cells. PDGF-Rβ expression evaluated in serial sections was localized to the same sites where neointimal PDGF-D was expressed. PDGF-Rβ was expressed in interstitial cells more abundantly in the CAN group compared with the normal and AVR groups, without demonstrable colocalization of PDGF-D.
Introduction
Chronic allograft nephropathy (CAN) is a descriptive term comprising the severe pathologic changes found in failed renal allografts resulting from a multiplicity of etiologies, including, but not limited to, chronic vascular rejection. The pathology of CAN includes glomerular capillary wall thickening with basement membrane duplication, increased mesangial matrix, and focal segmental and focal global glomerulosclerosis (chronic transplant glomerulopathy), tubular atrophy, interstitial fibrosis, and an arteriopathy characterized by neointima formation and sclerosis [1] [2] [3] .
Platelet-derived growth factors (PDGFs) are major mitogens and chemoattractants for many types of mesenchymal cells, including vascular smooth muscle cells, interstitial myofibroblasts, and glomerular mesangial cells [4] [5] [6] . There have been reports that PDGFs may play important roles in various human renal diseases. PDGF-A and PDGF-B in particular have been shown to be potentially important mediators of human renal vascular rejection [7] .
The PDGF family currently has 4 known members, which are encoded by 4 different genes: PDGF-A, PDGF-B, and the recently discovered PDGF-C and PDGF-D. Both PDGF-A and PDGF-B have short N-terminal extensions that undergo intracellular proteolytic processing for activation and are secreted in an active form as disulfide bonded homo-or heterodimers (PDGF-AA, PDGF-AB, and PDGF-BB), whereas PDGF-C and PDGF-D are secreted in a latent form with an N-terminal CUB domain, which is required to be cleaved by an extracellular protease to release the active growth factor domain. Active PDGFs bind to specific tyrosine kinase receptors, PDGF receptor α (PDGF-Rα) and receptor β (PDGF-Rβ). The activated receptors consist of dimers of α and β subunits (PDGF-R-αα, PDGF-R-αβ, and PDGF-R-ββ). PDGF-A can bind PDGF-R-αα, PDGF-B can bind all the 3 isoforms, and PDGF-C can bind both PDGF-R-αα and PDGF-R-αβ, whereas PDGF-D can only bind PDGF-Rββ [8] [9] [10] .
It is well established that PDGF-A and -B play important roles in both human and experimental renal diseases [7, [9] [10] [11] [12] [13] [14] [15] [16] , but there is relatively little information on their role in the injuries affecting human transplant kidneys. We have shown previously that expression of both PDGF-A and -B is upregulated in renal vascular rejection [7, 9, 12] . Others have shown that PDGF-B and PDGF-β receptor are also localized to chronically injured arteries in murine models of kidney transplantation [17, 18] . Currently, the potential role of PDGF-D in renal transplants is unexplored. However, there is evidence from other settings indicating that PDGF-D might be a mediator of CAN, including (1) its presence in neointimal hyperplastic injuries in a rat model of vessel injury [19] , (2) its expression in human normal glomeruli [20] and in experimental glomerulonephritis [6, 14] , and (3) its expression during the interstitial fibrosis that occurs in human and experimental obstructive nephropathy [12] . Its obligate receptor, PDGF-Rβ, is expressed at sites of injury in these human and experimental diseases [12, 20, 21] . Because CAN is an important and deleterious outcome in human kidney transplantation, involving all the lesions mentioned above, we sought to localize PDGF-D and its expression at relevant sites of injury in this disease process.
Materials and methods

Source of tissue
Nephrectomies obtained from patients with irreversibly injured renal allografts and with pathologic features of CAN were enrolled in the main study group (n = 15). All of them had chronic transplant glomerulopathy, extensive tubular atrophy, interstitial fibrosis, and arteriopathy with neointima formation. Fourteen of these cases also demonstrated superimposed acute vascular rejection (AVR) and cellular rejection, presumably a consequence of discontinued immunosuppression before nephrectomy.
Comparison groups included a group of renal tissues (n = 18) without prominent histopathological abnormalities, including biopsies of donor kidneys obtained before transplantation (n = 5) and normal protocol biopsies of patients after transplantation (n = 13). A second comparison group of tissues (n = 12) consisted of renal biopsies with findings of AVR concurrent with acute cellular rejection.
These studies have received human subject approval by an institutional review board panel (UW 96-1826-A-08). Tissues were fixed in methyl Carnoy's (methacarn) solution (60% methanol, 30% chloroform, and 10% acetic acid), processed, and embedded in paraffin according to conventional techniques. The pathologic features resulting in a diagnosis of rejection were those formulated by the Cooperative Clinical Trials in Transplantation working group (class I, acute cellular rejection; and class II, AVR concurrent with acute cellular rejection) [22] [20] . It recognizes the full-length human PDGF-D peptide and appropriately sized bands in homogenates of human kidneys by Western blotting as previously described [20] .
Platelet-derived growth factor receptor
Murine monoclonal antibody (PR7212, R&D System, Inc, Minneapolis, Minn) has been demonstrated to react specifically with human PDGF-Rβ and to detect patterns of PDGF-Rβ localization in tissues. The specificity of this antibody was demonstrated by absorption of the antibodies with PDGF-Rβ peptide, which abolished positive staining patterns in both Western blots and immunohistochemical analysis [20] .
α-Smooth muscle actin
Murine monoclonal antibody (clone 1A4, DAKO Corp, Carpinteria, Calif) recognizes α-smooth muscle actin and was used to identify vascular smooth muscle cells, activated glomerular mesangial cells, and interstitial myofibroblasts [25] .
Ulex europaeus agglutinin I
This lectin glycoprotein (lot no. 91129, Vector Laboratories, Burlingame, Calif) is an established marker of glomerular and vascular endothelial cells [26] .
CD68
Murine monoclonal antibody (clone PG-M1, DAKO) detects the CD68 epitope of human monocytes and macrophages [27] .
Epithelial membrane antigen
Murine monoclonal antibody (clone E29, DAKO) detects epithelial membrane antigen (EMA) of human distal tubules and collecting ducts [28] .
Immunohistochemistry
Immunohistochemistry was performed on 4-μm sections of methyl Carnoy's fixed, paraffin-embedded tissues. Sections were deparaffinized in xylene and rehydrated with graded ethanol. Endogenous peroxidase was blocked with 3% hydrogen for 5 minutes. Sections were incubated in 10% normal goat serum (Vector Laboratories) for 20 minutes. The sections were then incubated with rabbit antihuman PDGF-D polyclonal antibody for 1 hour in room temperature. After washing in phosphate buffered saline (PBS), the sections were incubated with antirabbit Ig ImmPRESS reagent (MP-7402, Vector Laboratories) at room temperature for 30 minutes. After washing in PBS, 3,3′-diaminobenzidine was used as the chromogen and sections were counterstained with hematoxylin, dehydrated, and coverslipped. To evaluate the immunohistochemical staining of anti-PDGF-Rβ, the next sequential histologic sections were incubated with murine monoclonal antihuman PDGF-Rβ at room temperature for 2 hours, washed in PBS, and incubated with antimouse Ig ImmPRESS reagent (MP-7401, Vector Laboratories) for 30 minutes. The subsequent steps are as described above.
For all samples, a negative antibody control consisted of substitution of the primary antibody with normal rabbit or mouse IgG and performance of all the subsequent steps of the immunohistochemical procedures on serial histological sections to establish the specificity of the antisera and staining patterns for PDGF-D and PDGF-Rβ.
Double immunohistochemistry
Double immunolabeling was used to identify the cell types expressing PDGF-D. After the sections were deparaffinized and reacted with 3% hydrogen peroxide to block endogenous peroxidase, they were first incubated with the rabbit antihuman PDGF-D polyclonal antibody using the single labeling described above, and positive staining was visualized by a brown label using 3,3′-diaminobenzidine. For the second immunohistochemical label, the sections were then blocked with 3% hydrogen peroxide and then Normal, n = 18
Abbreviations: MC, mesangial cell; VEC, visceral epithelial cell; PEC, parietal epithelial cell; CD, collecting duct; SMC, smooth muscle cell. Scale is negative (−), weak (+), moderate (++), and strong (+++) immunohistochemical signal.
incubated with either murine monoclonal anti-α-smooth muscle actin antibody, anti-CD68 antibody, or anti-EMA antibody. Then, the sections were incubated with antimouse Ig ImmPRESS reagent, and positive label identified as a blue-gray signal, using the Vector SG substrate kit for peroxidase (SK-4700, Vector Laboratories). For endothelial cell labeling, the sections were first incubated with anti-PDGF-D antibody and then were incubated sequentially with Ulex europaeus agglutinin I, biotinylated anti-Ulex, followed by the ABC-alkaline phosphatase reagent (Vector Laboratories) and finally developed using Vector Blue Alkaline Phosphatase Substrate Kit III (Vector Laboratories) to yield a blue color in the areas of positive signal. The slides were then dehydrated and coverslipped.
Triple immunohistochemistry
The sections that were already doubly immunostained with PDGF-D and α-smooth muscle actin were sequentially blocked with 3% hydrogen peroxide, incubated with monoclonal anti-CD68 antibody and then antimouse Ig ImmPRESS reagent, and then followed by vector VIP substrate kit for peroxidase (SK-4600, Vector Laboratories), yielding a purple color signal in positively stained areas. These slides were dehydrated and coverslipped.
Morphometric analysis
For analysis of neointimal sclerosis, which occurs in relatively larger arteries, we used a criterion for artery inclusion as 2 layers of smooth muscle cells in the medial portion of the arterial wall. All of the arteries meeting this criterion that were present in one histologic section per case were counted with every artery with neointimal sclerosis enumerated and their PDGF-D expression analyzed.
Morphometry was performed on slides immunostained for PDGF-Rβ by an observer blinded to their origin. For each case, 10 consecutive glomerular cross sections and the first 5 cortical tubulointerstitial fields were photographed using an Olympus digital camera (Olympus DP11, OlympusAmerica, Melville, NY), and the images were analyzed by Imagepro Plus software (Media Cybernetics, Silver Spring, Md). The parameters of PDGF-Rβ expression were determined as the percentage of positively stained area per glomerular tuft cross-sectional area (not including the urinary space) and percentage of positively stained area compared to the total tubulointerstitial area examined.
Results
PDGF-D and PDGF-R expression in arteries
Neointimal sclerosis was much more severe in the CAN group. It was present in all 15 cases and was characterized by much thicker intimal layers and higher prevalence of arterial involvement (339/368 of total counted arteries, 92.1%) compared with that in the normal group, where it was present in 6 (33.3%) of 18 cases and involved 11 (14.9%) of 74 total counted arteries. The CAN group also demonstrated more widespread arteriopathy, compared with the AVR group, in which it was present in 5 (41.7%) of 12 cases and involved 5 (16.1%) of 31 total counted arteries.
PDGF-D was expressed uniformly in the cytoplasm of medial smooth muscle cells of the arteries and variably by some adventitial cells in a similar pattern in all 3 groups (Table 1) . It was also expressed widely in the neointima of the arteriopathy, but most prominently in the CAN group. Double-and triple labeling immunohistochemistry identified neointimal cells expressing PDGF-D as medial smooth muscle cells or myofibroblasts by virtue of coexpressed α-smooth muscle actin and the absence of coexpressed markers of infiltrating macrophages (CD68; Fig. 1A , C, and E) or endothelial cells (Ulex lectin).
PDGF-Rβ was also expressed uniformly by medial smooth muscle cells of arteries and by some adventitial cells of arteries in all groups. There was weak expression of PDGF-Rβ by arterial neointimal cells in the normal and AVR groups and stronger expression in the CAN group (Fig. 1B,  D, and F) . In serial sections, PDGF-D and PDGF-Rβ were colocalized in a similar anatomic distribution in the walls of arteries showing chronic allograft arteriopathy (Fig. 2) .
PDGF-D and PDGF-R expression in tubulointerstitial areas
PDGF-D and PDGF-Rβ were expressed in each of the 3 groups, but with different patterns. PDGF-D was expressed focally by a few tubules, without detectable differences between groups (Fig. 3A-C) . Double immunohistochemistry with the anti-EMA antibody localized PDGF-D expression to the epithelial cytoplasm of some, but not all, distal tubules and collecting ducts. Proximal tubular expression was not identified. PDGF-Rβ was extensively expressed in the interstitial area in each of the groups (Fig. 3D-F) . Morphometric analysis revealed that PDGF-Rβ was constitutively expressed in the thin interstitial space in the normal group (3.6% ± 2.4% of total tubulointerstitial area), but not significantly increased in the group with AVR (5.4% ± Fig. 1 PDGF-D and PDGF-Rβ expression in arteries. A, In normal group, triple immunolabeling shows that PDGF-D (brown) is expressed in arterial medial smooth muscle cells that also express α-smooth muscle actin (blue-gray); no monocyte/macrophages (purple) are found. There is no expression of PDGF-D seen in the interstitium. B, In the serial section of (A), PDGF-Rβ (brown) is expressed in the similar distribution of PDGF-D in arterial wall and is also expressed mildly in the interstitium. C, In kidneys with AVR, triple immunolabeling shows that PDGF-D (brown) is expressed in arterial medial smooth muscle cells, some adventitial cells, and some neointimal cells that also have α-smooth muscle actin (blue-gray) expression; It is not expressed by the subendothelial infiltrating monocyte/macrophages (purple). D, In the serial section of (C), PDGF-Rβ (brown) is expressed in the similar distribution of PDGF-D in the arterial wall. E, Part of an artery in kidneys with CAN, triple immunolabeling shows that PDGF-D (brown) is expressed in arterial medial smooth muscle cells and the more prominent neointimal layers compared with the other 2 groups, which also have α-smooth muscle actin (blue-gray) expression. It is not expressed by the subendothelial infiltrating monocyte/macrophages and foam cells (purple). The inset shows the framed area with high power. F and its inset, In the serial section of (D), PDGF-Rβ (brown) is expressed in a similar distribution of PDGF-D in the artery. Original magnification: A to D, ×400; E and F, ×100.
3.6% of total tubulointerstitial area, compared with the normal group, P N .05, Student t test). PDGF-Rβ expression became more prominent in the group with CAN (10.1% ± 3.9% of total tubulointerstitial area, compared with the normal group, P b .001, and compared with the AVR group, P b .01, Student t test).
In one case of AVR and in 3 cases of CAN, there were small sharply defined areas of marked scarring with extensive fibrosis, tubular dropout, and the presence of prominent spindled mesenchymal cells having the appearance of fibroblasts and/or myofibroblasts strongly expressing PDGF-D and PDGF-Rβ in an identical distribution. Double and triple immunohistochemistry proved that they were all α-smooth muscle actin-expressing cells, and not CD 68+ monocyte/macrophages (Fig. 4) .
PDGF-D and PDGF-R expression in glomeruli
PDGF-D was extensively and uniformly expressed in the cytoplasm of podocytes in each of the 3 groups, with no differences noted between the 3 groups. No identifiable expression was detected in mesangial or endothelial cells (Fig. 5A-C, Table 1 ). PDGF-Rβ was also expressed in all groups, with expression confined to mesangial areas (Fig. 1D-F) . Morphometric analysis of PDGF-Rβ expression showed it to be increased prominently in the CAN group (10.2% ± 7.7% per glomerular tuft area, P b.05, Student t test) compared with the normal group (2.9% ± 2.8% per glomerular tuft area) and AVR group (2.6% ± 3.2% per glomerular tuft area). There was no significant difference between the latter 2 groups. There was similar PDGF-D and PDGF-Rβ expression in a few parietal epithelial cells in all 3 groups.
Discussion
Chronic allograft nephropathy is a descriptive term that encompasses chronic fibrosing injury in renal allografts regardless of underlying primary etiology, as such injuries are often multifactorial in etiology and/or the primary etiology may be inapparent. Chronic allograft arteriopathy is one of the main pathological manifestations of CAN, which is characterized by neointima formation by mesenchymal cells with accumulation of sclerotic matrix in arteries [1, 3] . This arteriopathy is often a consequence of rejection, as recently detailed in studies of a nonhuman primate model of transplant rejection [29] , and it is likely that most of the cases of CAN included in the present study are a consequence of chronic vascular rejection. Current leading opinion about the origin of the mesenchymal neointimal cells in this arteriopathy is that they are derived either from smooth muscle cells that have migrated from the vessel media as a result of stimulation by growth factors and cytokines released during vascular injuries, or that they are derived from myofibroblasts migrating from the vascular adventitia. Cell culture experiments, balloon models of arterial injury, and models of transplant ateriopathy have each provided evidence that smooth muscle cell migration is regulated by PDGF-A and PDGF-B, acting through α or β receptors [30, 31] .
Therefore, we asked whether the recently discovered PDGF-D might also be present in CAN and be in a position to promote the lesions of CAN, particularly arteriopathy, by acting through PDGF-Rβ. This study clearly establishes that this is the case. Our previous studies of acute and chronic vascular rejection in human renal allografts demonstrated that the other principal ligand of PDGF-Rβ, PDGF-B, is expressed by infiltrating monocytes/macrophages within the arterial walls [7] . PDGF-Rα is expressed by the intimal smooth muscle cells in a distribution similar to that found for PDGF-Rβ in the present study [13] . Furthermore, the principal ligand for PDGF-Rα, PDGF-A, has been found to be expressed in the arterial endothelial cells and neointimal smooth muscle cells continuously in the evolution of acute to chronic vascular rejection [7, 13] . Taken together, these studies provide an integrated view of how the PDGF ligand/receptor system may play a major role in promoting the neointimal formation that characterizes CAN arteriopathy. The evidence suggests that the injury process involves at least 3 main participants: endothelial cells which produce PDGF-A; infiltrating monocytes/macrophages which produce PDGF-B; and migrating smooth muscle cells and/or myofibroblasts which express PDGF-A, PDGF-B, PDGF-D, and their receptors α and β, and which synthesize the extracellular matrix that leads to intimal sclerosis. It is likely that these 3 cell types have interactions within the intima of rejecting arteries that involve autocrine and paracrine signaling activities. One possibility suggested by previous and current data is that in the early stage of arterial injury in renal transplants, PDGF-A induced by endothelial injury and PDGF-B produced by inflammatory infiltrates in arterial walls have chemoattractant activity for medial smooth muscle cells or adventitial myofibroblasts. These and other factors may then lead to medial smooth muscle cell or myofibroblast activation, further upregulation of PDGF-Rβ by these cells, and induction of migration to the subendothelial space. In this site these cells may then proliferate and synthesize extracellular matrix to form neointima [29] . PDGF-D may play a pivotal role in the sclerosing stages of arteriopathy. Here we have shown that PDGF-D and its receptor PDGF-Rβ expression are detectable in a similar distribution in only some of the sclerotic arteries in protocol renal biopsies and in biopsies with AVR, but that their expression becomes extensive and prominent in the chronic arterial injury of CAN with endstage transplant function. This finding suggests that PDGF-D, together with PDGF-A and -B, participates in the pathogenesis of transplant arteriopathy in an organized sequence of activities. This proposed scenario is consistent with the evolution of morphologic changes recently described in a nonhuman primate model of chronic vascular rejection, which also suggest that many if not all of the cases of CAN in our series are indeed the result of chronic rejection [29] . Our findings do not identify what may be the functional role of PDGF-D that appears to be constitutively expressed by vascular medial smooth muscle cells.
Interstitial fibrosis is also an important component of CAN. Previous studies demonstrated a key role for PDGF-Rβ-expressing fibroblasts and myofibroblasts in mediating renal interstitial fibrotic processes [12] . In particular, PDGF-B has been demonstrated to drive migration and proliferation of these cells and mediate the transformation of fibroblasts to an active myofibroblast phenotype [32] [33] [34] . In a previous study of the murine unilateral ureteral obstruction model and human obstructive nephropathy, we showed that PDGF-D, as well as PDGF-B, was present in myofibroblastic cells in sites of interstitial fibrosis, where they colocalized with the PDGF-Rβ [12] . In the present study of human CAN, we observed an important difference from the findings in the unilateral ureteral obstruction model and human obstructive nephropathy in that, although PDGF-Rβ was expressed prominently, no identifiable PDGF-D expression was found in the extensively fibrotic interstitium except for limited areas of scarring present in only a small proportion of AVR or CAN cases. This result indicates that PDGF-B but not PDGF-D might have a principal role in mediating the interstitial fibrosis of CAN, although a role for PDGF-D produced from paracrine or exogenous systemic sources is not excluded.
Finally, this study found that in glomeruli of patients with CAN, PDGF-D expression was limited to podocytes and was unchanged in pattern or intensity from that observed in kidneys undergoing protocol biopsy and kidneys with AVR. In contrast, PDGF-Rβ demonstrated increased expression in mesangial areas in kidneys with CAN compared with the other 2 groups. It is yet to be determined whether there can be cross-talk between podocytes and mesangial cells, whereby podocyte-produced PDGF-D can be secreted and gain access to the mesangium where it might then bind to PDGF-Rβ. Alternately, or concurrently, this upregulated PDGF-Rβ may be active principally through engagement by PDGF-B or PDGF-AB. We cannot exclude the additional possibility that PDGF-D in the circulation can participate in glomerular diseases, as assays to detect circulating active forms of PDGF-D in humans are not currently available to test this hypothesis.
In summary, we demonstrate a potential role for PDGF-D in the arteriopathy of human CAN, but were largely unable to localize its presence in sites of established interstitial fibrosis encountered as part of this injury process despite the presence of its receptor at appropriate sites of injury. These findings should be useful to consider in the context of identifying potential therapeutic targets for amelioration of sclerosing renal injury.
